Their relationship to more familiar concepts, including those of perfectly diffuse and specular rcflectancc, is given, and they are applied to illustrative examples. It is shown that, when the usual reciprocity relationship holds, the reilectance for a ray incident on an opaque surface element is related by Kirchhoff's Law to the emissivity of that element for a ray emitted along the same line in the opposite sense.
Z.
~IN UROLtJC)D• L'ION.
Reflectance and emissivity of the surface of an opaque body are considered as properties of the surface material and of its microscopic configuration (roughness) but not of its gross configuration (curvature). This distinction between microscopic and gross details of the surface configuration, which is to some extent an arbitrary one, will be discussed fuither below. But reflectance and emissivity are commonly defined or specified in ways which include an implicit (and often overlooked) dependence on the geometry of the radiation beam (including incident, emitted, and reflected rays and the effects on those rays of the gross surface features). Even when this dependence is recognized, the specified reflectance or emissivity is usually applicable only to situations which reproduce the same geometry. On the other hand, it is possible to specify the reflectance and emissivity of an opaque surface (i.e., of any planar surface element) concisely and unambiguously as functions of direction (with reference to the orientation of the surface element) which can be applied quite generally.
The purpose of th!s paper is, first, to describe such a way of specifying the directional reflectance and emissivity of an opaque surface, to recommend appropriate terminology and symbols, and to relate them to those in common use.
Second, a relationship will be established between the directional reflectance of a surface element (I e , its reflectance for a ray incident from a particular direction) and the directional ernissivity of the surface element for radiation emitted in that same direction. In other words, the related quantities are the reflectance for a ray incident along a line which intersects the surface elerrent and the emissivity for a ray emitted along the same line in the opposite sense.
The radiometric quantities used are listed in Table I , repro-1 duced from an earlier paper
The radiometric relations will be analyzed below primarily in terms of the basic quantity radiance (N). 1 In the earlier paper it was shown that when radiance is defined, as in Table I , as the radiant flux or power (P) per unit solid-angle ( a ) -in-the-direction-of-a-ray per unit projected-area (Acos6)-perpendicular-to-the-ray, it has the same value at any point along this ray within an Isotropic medium, in the absence of losses by absorption, scattering, or reflection.
More generally, the quantity N/n 2 (where n is the index of refraction) in the direction of a ray was shown to be invariant along that ray, even across a smooth boundary between different lossless media. 
Radiant enissivity
Ratio of "emitted" radiant power to that from an ideal blackbody at the same temperature. R ,.liant absorpra,,ce aRatio) of "absorbed" radiant power to incident radiant power. -A-e. •acn 0 Ratio of "reflected" radiant power to incident radiant power. Radiant tranismittanle e Ratio of "transmitted" radianl power to incident radiant power. nre The ipe, tral radiant emissivity .eX) !{x 'Lea#0eilaX. Hence, the subscript notation ef, which ,:,!,;I1 be c-fused with a'/aX, is tnt recommended, although itis often used. Similarly, it is recommnended ihaa the spectral absirptance, spectral reflectance, and spectral tranesnittanc-be written as nI.X, p(M, a,,x r respectivel-.
... Table I . the definitions given for radiant err. ssivity dnd radiant reflectance take no account of the effects of the geometry of the radiation beam. The following treatment will refine these definitions to recognize explicitly the way in which these quantities may vary with orientation (relative to the surface).
Only opaque surfaces (of zero transmittance) and the geometrical ray optics of incoherent radiation will be considered.
DIRECTIONXAL REFLECTANCE
Consider a radiation field, where the radiance N. is a function 1 of both position and direction, incident on the surface of an opaque body where some of the radiation is absorbed and the rest is reflected (as used here, "reflected" includes diffuse reflectance or scattering) to iorm a second radiation field, where the radiance N of the reflected r radiation is also a function of position and direction. N is directly r proportional to N. in the sense that, if the value of N. is multiplied by a constant that is independent of position and direction, the resulting values of N will all be multiplied by the same constant factor. It will be seen below that the interdependence of the spatial and directional distributions of N and N . is more complex.
Next, consider only the radiant power incident on a particular'
1." 1) L-GC', element 8A of a reflecting surface through an elementary beam of solid angle 6 i from a direction (, p0 1 ), where 6 1is the angle from the normal to 8A and y i is the azimuth about that normal (see Figure   1 ).
This incident radiant power is given by 1 
Then the radiant intensity of the surface element 6A, due to reflection (scattering) of radiatlon from this incident elementary beanm, in the direction (e r, Cr) is 8J1 (6r Tcp) = p'(i, PV Toi )cos 6 6Pi (61,cT) [w.sr-a 1 (3) r r r ' 'rr r Ii or, by dividing both sides of Equation (3) by IAcos8r, we obtain the reflected (scattered) radiance DeHoop not only gives a proof (essentially the same as that of Kerr 6).but also includes an explicit statement of the requisite conditions.
where we adopt the following notation to designate integration over a hemisphere:
This relation --Equation (7) --is for a particular point, or for the surface element 6A at that point. For a more general expression, we must also establish the reflected radiance from other points. When p'
and N are expressed as functions of spatial location (as well as direction)
for all points on the reflecting surface, Equation (7) gives the reflected radiance N as a function of position for these points on the reflecting r surface, as well as for direction ( r'1 r ) at each such point. However, it is important in that case to recognize that Equation (7) Still more complicated considerations are introduced when microscopic irregularities are small enough to have dimensions of the order of, or less than, the wavelength of the incident light or other electromagnetic radiation. 17, 18, 19, 20 The total reflectance. p of a surface element 6A is defined in general as If the incident radiation is well collimated, within a small element of solid angle 6,2i = sin 8 deP dTi from the direction(O8 i,0 the total radiant power incident on 6A is
Then. from Equation (5),
where d ( e) is the (total) directional reflectance, for a wellcollimated incident beam, given by
For isotropic surfaces, there is no dependence on the azimuth CP and Ec-uaton (12) simplifies to the frequently recognized dependence on 0:
Pdi (9i' 1) = P di (P).
If the well-collimated beam is incident perpendicularly on a plane surface, we have the commonly-reported normal reflectance, pn = Pdi (0). If a point on the surface of a solid is uniformly irradiated from all external directions, i. e., if N is a constant, the reflected radiance in the direction (Or I ýPr), from Equation (7) is given by
where
But, from the reciprocity relation, Equation (6), and Equations (12) and (14) we can write
Thus. the (tota I) dir ect iona I r eflec ta nc e Pd (0 '.) for a welll-colimated beam iocrdent from the direction (01, •I) is also the ratio hetween the reflected radiance N (@l, ý, ) in that same direction ant. the incident radiance N. when the surface is uniformlv irradiated from all directions (Ihemisrpherical irradiation). This relation --Equations (13) and (15) --8 is the basis for a reflectometry technique described by McNicholas.
DIRECTIONAL EMISSIVITY (AND ABSORPTANCE)
More important, Equations (11), (13) and (15) are the basis for evaluating and equating the directional absorptance and directional emissivity of the surface element 6A in a simple relation which has the same form as the Kirchhoff's-Law relation --see Equation (18) below.
If, in Equation (13), the uniform incident radiance N.i is equal to Nb (T), the blackbody radiance (either total or spectral, i. e., in a small wavelength interval at a given wavelength) in an isothermal enclosure at T°K, and if, in fact, the reflecting surface forms the wall of such an enclosure so that it, too, is at this same temperature, then the radiance in the direction (8_, ,4 ) from the element of wall surfP :e 6A is made up of an emitted radiance and a reflected radiance, as follows:
Similarly, of the rad.ance Nb (T) incident on the element 6A from a direction (elI' ,1'I) , a portion N is absorbed and the remainder N. is reflected (scattered) in all directions (into a hemisphere):
Here, Zd ( i the directional emissivity (at temperature T) of the element IA for radiEation emitted in the direction (01 (P, ) and od.Y ( , CO is the absorptance (at T) for radiation incident from that direction.
Consequently, from Equation (15),
Note that equilibrium maintenance with conservation of energy (Kirchhoff's Law) by itself would justify only each line of Equation (17) independently, and the Helmhotz Reciprocity Law (which is the basis for Equation (6) and, in turn, Equation (15)) must also be invoked in order to equate them to each other and so to relate emissivity for radiation emitted into a given direction to the absorptance for radiation incident from that same direction (See Appendix A concerning a contrary position.)
In the more familiar form of Kirchhoff's Law,
directional quantities are not considered. Instead, the total emissivity for radiation emitted in all directions (into a hemisphere) is related to the total reflectance (in all directions into a hemisphere) for uniform incident radiance (from all directions, i. e. , from a hemisphere) and to the total absorptance for uniform incident radiance (from all directions, i.e. , from a hemisphere). The total reflectance a in Equation (18), for uniform incident radiance (N. = a constant independent of direction) is then
The quantities in Equation (18) Equations (17) and (18) apply In all cases to spectral radiation (I. e., the radiation in a very small wavelength Interval about a specified wavelength) and hence also to any spectral interval In which p or Pd (and therefore also C or d and o, or ord) do not change significantly with wavelength. When thermal equilbrium exists (I.e.. when N = Nb (T) = ýI ; Nxb(T, X) d X, where N1b (T, %) is the spectral radiance of a blackbody 0 a T K), they also apply to total radiation (all wavelengths), even though the spectral reflectance varies with wavelength.
However, if the spectral reflectance is not a constant and the spectral distribution of the incident radiation is arbitrary (non-equilibrium condition), Equations (17) and (18) do not necessarily hold for the total (all wavelengths) reflectance, absorptance, and emissivity. (12). is also a constant:
(20) h Hence, from Equation (13), the total reflectance for any arbitrary configuration of incident radiation is given by
where the integration with respect to dA is carried out over the same area in both numnerator and denominator, and N 1 may be any function of direction and position. When the incident radiation is uniformly distributed over the surface (even though it is not necessarily uniform with respect to incident direction), the reflected radiance N in any r direction is related to the irradiance HI by the partial reflectance p' defined in Equation (5), as follows:
Second, a perfectly specular refler:r , .aracterized by the relation Nr(9, . " -Pd ( , p) N, (e,8 ) 1w.
By comparing this with the general relationship between incident and reflected radiances, it can be seen that Equation (23) will result if the partial reflectance p' in Equation (7) has the form P t (91, (;, ar', r) = 2 Pd (ei'ct) 6(sins Or -sin' 2 9)
where t (sIn 2 i -sin~g ) and ,((pr -CIi a) are Dirac delta-functions which satisfy the defining relations
when the integration is carried out over the full range of the variable, 0 < a -/• and 0 <p 2-, in each case.
Sometimes attempts are made to state apparently simple relationships between the output of a given reflectometer for a diffuse standard surface and a specular standard surface. This is not a simple matter. It depends critically upon the configuration, and a wide variety of configu rations are employed.
As an illustration, assume that a sample surface is uniformly (23), the total power (flux) received by the detector can be written as
If these were ideal standards, with reflectance values of unity in each case (P = Pd = 1), the ratio of the detector outputs (proportional to received power) for the two surfaces under the described conditions would then be The partial reflectance of a surface element p' (6k, @P1 ', 82' Va) defined in Equation (5) as the ratio between the reflected radiance in the direction (a=, a) and the incident irradiance from the direction 6. , a) •which produces it. Integration of this quantity over the solid angle of a hemisphere in Equation(iZ) yields the directional reflectance Pd ý I' I ), which is the fraction of the radiant power incident from the dcrection ( t ) that is reflected In all directions (into a hemisphere).
Furthermore, if the reciprocity theorem--Equation (6) --is applicable, as it ordinarily is, at least to a good approximation, then this directional reflectance is also the ratio between the radiance in the given direction and the incident radiance when the surface element is uniformly irradiated from all directions, as indicated in Equation (15). ,-e first line of Equation (25) and discussed in greater detail in Reference 1.
As with many idealized physical quantities. partial and d.rectional reflectances can never be measured exactly. even with perfect instrumentation. Since a measurement reqLuires a beam o. radiation of non-zero cross section and solid angle, the measurement at best can only yield average values over these intervals of projected area and solid angle. However, the concepts, terminology, and symbols presented here make it possible to specify explicitly and unambiguously the interrelationships and approximations involved in dealing with real situations. Also, the application of Kirchhoff's Law --Equation (18) --to the directional quantities can be stated explicitly, as in Equation (17) . 
